A fluid model is set up, which describes the particle densities and the electric field near the front of the region where breakdown occurs in a gas at high pressure. The model is shown to reduce, in one dimension, to a nonlinear ordinary differential equation for the electric field as a function of distance. This is converted to an equation for the time variation of the electric field experienced by an electron within the front, and this in turn is solved analytically and compared with numerical results.
This letter considers the processes taking place during breakdown in a gas at or near atmospheric pressure [1] [2] [3] [4] [5] , using a fluid approximation which neglects diffusion of electrons and photoionization [6] [7] [8] in order to set up a simple model which can predict profiles of the densities and fields, as well as their time dependences.
First, we present the basic ideas of our model, which describes the breakdown front in a moving frame of reference. The leading edge of the front is referred to here as the far front (FF) to distinguish it from the rest of the front. v f is the speed of the electron at the extreme FF, in the laboratory frame; v f = µ(E max )E max . Here µ(E) is the magnitude of the electron mobility and E max is the maximum value of the electric field E. Since the ions are (essentially) stationary, they are moving at a speed v f in the moving frame. In the frame of the FF, an electron moves at a speed (v f − µE).
The ionization rate per electron r is proportional to the power deposition rate, F e v d , where the force on an electron is F e = −eE and its drift velocity is v d = −µ(E)E:
where e iz is the ionization potential of the neutral gas and α(E) is the fraction of the energy gained which is used in ionization. α(E) is discussed by Raizer [8] ; in this work it is obtained by solving the Boltzmann equation for a variety of electric field values, for the neutral gas in question. The total ionization rate in front of any given electron will be called S T . S T is a crucial quantity. In steady state (in the frame of the FF), the densities of ions and electrons at the position of an electron, where the field is equal to E, are equal to S T divided by the flow velocity of that species in that frame. n i = S T /v f whereas n e = S T /(v f − µE). These relations mean that in steady state, n i /n e = 1 − µE/v f . In one dimension the electric field obeys
where is the dielectric constant and N i (N e ) is the number of ions (electrons) in front of any electron we are considering. The steady-state approximation to the ion density, given above, is expected to be a good approximation in those cases in which the ion density is significant. Using
we then obtain
We can then write an expression for S T (which is exact in steady state),
where the limits E max and E correspond to numbers in front of the point of zero and N e , respectively. To simplify the argument, we shall occasionally set α(E)µ(E)E 2 = AE a and µ(E)E = BE b . The above integral becomes
These results allow us to examine the time dependence of the fields and densities. The total number of electrons produced per second, ahead of the electron being followed, is just S T . The same number of ions are produced, but some of them go past the electron, since they are moving at a speed µE relative to the electrons. The number going past in a second is n i µE. But, using the approximation given above, this is just S T µE/v f . The electric field at the position of an electron varies as
It is interesting to compare this with Poisson's equation,
Since the time dependence is evaluated at the position of an electron, then dE/dt = (v f −µE)(∂E/∂z), as it should. Both expressions go to zero as E goes to zero. dE/dt also goes to zero as E goes to E max , since an electron at the FF stays there indefinitely, where v f = µE. If we approximate S T further, by linearizing it around E = E max , so that S T = S 0 (E max − E) and if we ignore the dependence of µ on E, then we can write
where a = ( /e iz )α(E max )µ(E max )E 2 max . This equation has the solution
This result was compared with two different numerical calculations-see figure 1 . (Here we used α(E max ) = 0.1 and α varied linearly with E, µ = 0.01 m 2 V −1 s −1 was independent of E, while E max = 5 × 10 6 V −1 m −1 . e iz is set to 20 eV.) The integration of the full equation for dE/dt gave a result which was very close to results from a 'fluid' simulation [9] [10] [11] [12] [13] [14] with very low numerical diffusion [11] (too close for the difference to be visible on the plot, so the latter was omitted). The analytic result agrees well at early times, as should be expected since the approximations used assume that E was close to E max . Since the great majority of ionization takes place when the E field is close to E max , the analytic result may therefore be useful to describe the ionization done by an electron. One interesting aspect of these results is that, subject to the approximations made about the ion density, the time dependence found for the fields is valid for every electron. Tests of these predictions using more sophisticated models [15] will be done in future. In addition, we will attempt to include diffusion and photoionization effects. Preliminary work suggests that these will at least lead to an increased velocity of the front. In the presence of the rapid growth in density which occurs during breakdown, any process which places even a small number of electrons in front of the main plasma is vitally important [11] ; it remains to be seen exactly how these processes will modify the profiles of density and field which are predicted.
